Background/Aims: (-)-Hydroxycitric acid (HCA) had been shown to suppress fat accumulation in animals and humans, while the underlying biochemical mechanism is not fully understood, especially little information is available on whether (-)-HCA regulates energy metabolism and consequently affects fat deposition. Methods: Hepatocytes were cultured for 24 h and then exposed to (-)-HCA (0, 1, 10, 50 μM), enzyme protein content was determined by ELISA; lipid metabolism gene mRNA levels were detected by RT-PCR. Results: (-)-HCA significantly decreased the number and total area of lipid droplets. ATP-citrate lyase, fatty acid synthase and sterol regulatory element binding protein-1c mRNA level were significantly decreased after (-)-HCA treatment, whereas peroxisome proliferator-activated receptor α mRNA level was significantly increased. (-)-HCA significantly decreased ATP-citrate lyase activity and acetyl-CoA content in cytosol, but significantly increased glucose consumption and mitochondrial oxygen consumption rate. (-)-HCA promoted the activity/content of glucokinase, phosphofructokinase-1, pyruvate kinase, pyruvate dehydrogenase, citrate synthase, aconitase, succinate dehydrogenase, malate dehydrogenase, NADH dehydrogenase and ATP synthase remarkably. Conclusions: (-)-HCA decreased lipid droplets accumulation by reducing acetylCoA supply, which mainly achieved via inhibition of ATP-citrate lyase, and accelerating energy metabolism in chicken hepatocytes. These results proposed a biochemical mechanism of fat reduction by (-)-HCA in broiler chickens in term of energy metabolism.
Introduction
Obesity is one of the biggest threats to human health, and the growing problem of obesity is associated with multiple morbidities [1] , including increased risk of diabetes, cardiovascular disease, hypertension, heart disease, and fatty liver disease [2] [3] [4] [5] . These diseases affect millions of individuals who must carefully control their blood glucose levels to prevent diabetes-related complications [6, 7] . The biology of obesity is very complex, and mechanisms linking obesity to various diseases are poorly understood [2] . Much attention has been focused on using various bioactive compounds to control obesity [8] , while most of these study investigate the effects of lipid metabolism-related factors on fat accumulation control in animals and humans [7, [9] [10] [11] [12] . Recently, there has been increasing concern about obesity associated with glucose metabolism [13] [14] [15] .
(-)-Hydroxycitric acid (HCA) is the major active ingredient present in the fruit rind of Garcinia cambogia [16] [17] [18] . Previous studies had reported that (-)-HCA increases weight loss [19, 20] , promotes energy expenditure [21] [22] [23] , increases the rate of glycogen synthesis [24] and suppresses de novo fatty acid synthesis [25] [26] [27] . Recently, our laboratory found that (-)-HCA treatment promoted protein synthesis and enhanced energy expenditure in male rats [28] . In addition, we also found that (-)-HCA inhibited fatty acid synthesis by reducing the acetyl-CoA supply via promotion of the citric acid cycle and inhibition of NADP-dependent malic enzyme expression in broiler chickens [29] . Furthermore, previous studies have shown that (-)-HCA is a potent competitive inhibitor of ATP-citrate lyase [25, 26, [30] [31] [32] , a cytosolic (extra-mitochondrial) enzyme that catalyzes the cleavage of citrate to oxaloacetate and acetyl-CoA, which eventually limits the availability of acetyl-CoA units required for fatty acid synthesis and lipogenesis in animals and humans [21, 33] .
(-)-HCA is structurally similar to citrate. Citrate is an allosteric regulator for a number of enzymes that are involved in carbohydrate and fat metabolism, such as phosphofructokinase (the enzyme regulating glycolysis) [33] and acetyl-CoA carboxylase (the enzyme regulating fatty acid synthesis) [34] . It had been reported that (-)-HCA has a much greater affinity to the citrate lyase than that to citrate [22, 35] . Thus, (-)-HCA supplementation is expected to alter metabolic pathways. Although some studies have shown (-)-HCA possesses antiobesity activity [36, 37] and anti-diabetic activity [38, 39] , little information is available on whether (-)-HCA affects fat accumulation in broiler chickens through regulation on the energy metabolism.
Unlike mammalian species, the liver is the most important organ of de novo fatty acid synthesis [35, 40] and energy metabolism [41] in poultry. Therefore, the present study was conducted to investigate the effects of the (-)-HCA on lipid metabolism and energy metabolism in cultured primary chicken hepatocytes, which will provide useful information for further understanding of the biochemical mechanisms associated with the fat accumulation regulation by (-)-HCA in broiler chicken.
Isolation of hepatocytes
Fertilized avian chicken eggs were purchased from a commercial hatching factory and incubated at 37 °C under a relative humidity of 60%. The culture of primary embryonic hepatocytes was conducted according to the method described by Kennedy et al [42] . The embryos were sacrificed by decapitation on incubation day 9, and the livers were removed under sterile conditions and washed with cold PBS (phosphate-buffered saline). After washed with M199 medium, the livers were aseptically minced into small fragments (about 1 mm 3 ) by eye scissors and suspended in fresh medium for 1-2 min. Then the supernatant was aspirated. Most erythrocytes can be removed after the above procedure has been repeated three to four times. The liver tissues were incubated in PBS (Ca  2+ and Mg   2+ free) trypsin solution (0.25 mg/mL) in a vibrating water-bath (90 cycles/min at 37 °C) for 10-15 min. Meanwhile, the solution was mixed frequently by pipette in order to facilitate cell dissociation, until each aggregate consisted of 3-5 cells. The hepatocytes were collected by centrifugation (1000 rpm, 5 min) and filtrated through a 150-μm mesh. The material was washed three times with fresh M199 medium, and the cell number was determined using a hemacytometer. Cell viability was determined by the Trypan blue exclusion test; the survival rate was greater than 90% [43] .
Primary culture of chicken hepatocytes
Primary chicken hepatocytes were seed in monolayers in 6-well or 96-well plastic culture plates (Corning, USA) with a density of 2×10 6 cells per well in 2 mL or 1×10 5 cells per well in 100 μL serum-free M199 medium. Supplements were added: including 5 mg/mL transferrin, 2 mM glutamine and 1.75 mM HEPES. The culture medium also contained 100 IU/mL penicillin and 100 μg/mL streptomycin. Hepatocytes were incubated at 37 °C in an atmosphere of 95% air and 5% CO 2 . Following 24 h acclimatization to the culture environment, cells were cultured for 24 h in phenol-red and FBS-free M199 medium.
Cell viability assay
Cells were seeded on 96-well plates at 1×10 5 cells per well, and treated with 0, 1, 10 or 50 μM (-)-HCA for 1, 3, 6, 12 or 24 h before addition of MTT solution. Twenty microliter of 5 mg/mL MTT were added to each well. Four hours later, the culture medium was removed and the formed blue formazan crystals were dissolved in 150 μL DMSO. The optical density of the formazan generated from MTT was measured at 490 nm using a model 550 Microplate reader (Bio-Rad, California, USA).
Assessment of cell death rate by Lactate dehydrogenase (LDH) test
Cells were grown in 96-well plates (1×10 5 cells per well)and treated with 0, 1, 10 or 50 μM at 1×10 5 cells per well with 100 μL cultures medium for 1, 3, 6, 12 or 24 h. The cells death rate was evaluated by the quantification of the release of lactate dehydrogenase (LDH). LDH content was determined using LDH cytotoxicity assay kit (catalog #: C0016, Beyotine Biotechnology, China), and the percentage of cells death rate was calculated as follows: [(experimental release -spontaneous release)/ (maximum release -spontaneous release)] ×100. Spontaneous release and maximum release were obtained by incubating the cells alone or with a 0.1% Triton x-100 solution respectively.
Glucose consumption assay
Cells were grown in 96-well plates (1×10 5 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 1, 3, 6, 12 or 24 h. After incubation, 10 μL of medium were collected from each well and glucose concentration was measured with a colorimetric glucose assay kit (catalog #: F006) according to manufacturer's instruction (Jian Chen Biotechnology Institution, Nanjing, China). Glucose consumption was calculated as: non-cellular culture medium concentration -cellular culture medium concentration.
Measurement of cellular mitochondrial respiration
Mitochondrial oxygen consumption rate (OCR) was measured using a Seahorse XF Oligomycin inhibited ATP synthase activity, which consequently inhibited electron flux and revealed the state of the coupling efficiency. FCCP uncoupled the respiratory chain and revealed the maximal capacity for reducing oxygen. The spare respiratory capacity was calculated by subtracting the basal respiration from the maximal respiration. Finally, rotenone combined with antimycin A was injected to inhibit the flux of electrons through complexes I and III; the remaining oxygen consumption rate was primarily due to nonmitochondrial respiration.
Measurement of triglyceride content
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 1, 3, 6, 12 or 24 h. The cells were harvested and the triglyceride (TG) content (catalog #: A100-1) was analyzed using a commercial assay kit from Jian Chen Biotechnology Institution (Nanjing, China) and the data were normalized to the protein concentration determined using the BCA assay kit (Beyotime Biotechnology, China).
Oil Red O staining
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 1, 3, 6, 12 or 24 h. Oil Red O staining was performed according to the methods previously described [44] . Briefly, the cells were fixed with 10% buffered formalin for at least 30 min. The cells were then incubated with 60% isopropanol for 15 min at room temperature and stained with oil red O solution for another 15 min. Cells were washed 4 times with deionized water and then allowed to air dry. To normalize the cell number, the cell were stained with hematoxylin for 5 min after Oil Red O staining. The slides were photographed with an optical microscope (Olympus BX53; Tokyo, Japan). Twenty photos were randomly selected from each group and ten independent visual field of each photo were used to analyze the counts and area of lipid droplets using Image-pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).
Determination of mRNA levels of lipid metabolism-related factors gene by Real-time quantitative RT-PCR (qPCR)
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 1, 3, 6, 12 or 24 h. The cells were harvested and total RNA was extracted from cultured cells using the TRIZOL reagent kit (Invitrogen, USA) according to the manufacturer's protocol. Total RNA (2μg) were reverse transcribed into cDNA using the Superscript II kit (Promega, USA), according to the manufacturer's recommendation. An aliquot of complementary DNA sample was mixed with 20 μL SYBR Green PCR Master Mix (Roche, Switzerland) in the presence of 10 pmol of each forward and reverse primers for β-actin (use as an internal control), acetyl CoA carboxylase (ACC), fatty acid synthase (FAS), ATP-citrate lyase (ACLY), sterol regulatory element binding protein-1c (SREBP-1c), peroxisome proliferators-activated receptor α (PPARα) and carnitine palmitoyl transferase-I (CPT-I) ( Table 1 ). All samples were analyzed in duplicate using the IQ5 Sequence Detection System (Bio-Rad, California, USA) and programmed to conduct one cycle (95 °C for 1min) and 40 cycles (95 °C for 20 s, 60 °C for 30 s and 72 °C for 30 s). Fold change were calculated using the 2 -ΔΔCT method, and the relative amount of mRNA for each target gene was determined by calculating the ratio between each mRNA and the mRNA of β-actin. The primers used were designed with Primes Premier 5 (Premier Biosoft International, Palo Alto, CA, USA) and synthesized by Invitrogen Biological Company (Shanghai, China).
Measurement of glycogen content
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 24 h. The cells were harvested and the glycogen content (catalog #: A043) was measured using commercial kits according to the manufacturers' protocols (Jiancheng Biotechnology Institution, Nanjing, China). The data was normalized to the sample protein content as determined by a BCA assay kit.
Measurement of the key glucose metabolic enzyme protein content
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 24 h. The cells were harvested and disrupted ultrasonically in ice and then centrifuged at 3000 rpm for 20 min at 4 °C. The supernatants were collected, the protein concentrations of glycogen phosphorylase (GP) (catalog #: E-75175), glycogen synthase (GS) (catalog #: E-75174), glucokinase (GK) (catalog #: E-76111), phosphofructokinase-1 (PFK-1) (catalog #: E-76131), pyruvate kinase (PK) (catalog #: E-76565), pyruvate dehydrogenase (PDH, E1) (catalog #: E-76118), citrate synthase (CS) (catalog #: E-75165), aconitase (ACO) (catalog #: E-75144) and phosphoenolpyruvate carboxykinase (PEPCK) (catalog #: E-75117) were measured using ELISA kits according to the manufactures' protocols (Shanghai Hengyuan Biological Technology Co., China). The enzyme protein content was normalized to total protein concentration in the sample.
Measurement of the activity of succinate dehydrogenase and malate dehydrogenase
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 24 h. The cells were harvested and the activities of succinate dehydrogenase (SDH) (catalog #: A022), malate dehydrogenase (MDH) (catalog #: A021) were measured using commercial kits according to the manufacturers' protocols (Jiancheng Biotechnology Institution, Nanjing, China). The enzymes activity was normalized to the protein content in the sample and expressed as U/mg protein.
Determination of ATP-citrate (ACLY) and acetyl-CoA content
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 24 h. A half of cells were harvested and disrupted ultrasonically in ice and then centrifuged at 3000 rpm for 20 min at 4 °C, the supernatants were collected and the protein concentration of ATP-citrate (ACLY) (catalog #: E-75166) was measured using an ELISA kit according to the manufactures' protocols (Shanghai Hengyuan Biological Technology Co., China). The other half of the cells were isolated the hepatocyte mitochondria by differential centrifugation as described by Lescuyer et al [45] . Briefly, the cells were harvested and disrupted ultrasonically for 1 min in 500 μL homogenization buffer (0.25 M sucrose, 0.15 M KCl, 10 mM Tris-Cl, pH 7.5, 1 mM EDTA, 0.5% fatty acid-free BSA). The cell was then centrifuged for 10 min at 800 g. The supernatants were collected and divided into two equal parts. One part of the suspension was used to determine the total content of acetyl-CoA. Another part of the suspension was centrifuged for 15 min at 12 000 g, and the supernatants were collected and detected the acetyl-CoA content in the cytosol. The acetyl-CoA (catalog #: E-73218) concentration was determined by an ELISA kit according to the manufactures' protocol (Shanghai Hengyuan Biological Technology Co., China), and the data were normalized to the protein concentration as determined by a protein assay kit.
Quantitation of mitochondria
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 1, 10 or 50 μM (-)-HCA for 48 h. The cells were fixed in 0.1 M sodium phosphate (pH 7.4) containing 2.5% glutaraldehyde, centrifuged at 3000 rpm for 4 min, and rinsed in the same buffer and post-fixed in 1% osmium tetroxide in Millonig's buffer. Cell samples were then processed by standard techniques for transmission electron microscopy (TEM). Ultra-thin sections were stained with uranyl acetate and lead citrate and viewed in an H-7650 transmission electron microscope (Hitachi Company, Japan). The number of mitochondria was counted in fifteen independent cells from thirty photos randomly selected in each group. The results were tabulated as the mean number of mitochondria per cell for all treatment groups, and the method used in this study was modified from shen et al. [46] . 
Data analysis and statistics
Data were analyzed with one-way ANOVA and expressed as the means ± the standard error of the mean (SEM). Treatment differences were subjected to a Duncan's multiple comparison tests. Differences were considered significant at P < 0.05. All statistical analyses were performed with SPSS 20.0 for Windows (StatSoft, Inc., Tulsa, OK, USA).
Results

Effect of (-)-HCA on cell viability, cell death rate and glucose consumption in cultured primary chicken hepatocytes
No significant differences were observed in cells viability in all (-)-HCA treated groups when compared to the control group from 1 to 24 h (P > 0.05) (Fig. 1A) . Furthermore, the cells death rate was not affected by (-)-HCA treatment when compared to the control group at different time period (P > 0.05) (Fig. 1B) . The consumption of glucose was significantly increased in 1-50 μM (-)-HCA treated groups than that in control group from 1 to 24 h (P < 0.01) (Fig. 1C) . 
Effect of (-)-HCA on mitochondrial respiration in cultured primary chicken hepatocytes
Oxygen consumption rate (OCR) of hepatocytes utilizing glucose as substrate after (-)-HCA treatment was analyzed using a Seahorse XFe96 instrument (Fig. 2A) . The results showed that (-)-HCA treatment significantly increased basal OCR, maximal OCR and nonmitochondrial OCR (P < 0.01), but has no significant differences in spare respiration capacity (Fig. 2B) .
Effect of (-)-HCA on lipid droplet accumulation and triglyceride content in cultured primary chicken hepatocytes
To analyze the distribution of lipid droplets in cells after (-)-HCA treated, Oil Red O staining (Fig. 3A) was used to analyze the counts and the total area of lipid droplets. Results 
showed that the numbers of lipid droplet (Fig. 3C) were significantly decreased in 10 and 50 μM (-)-HCA treated groups than that in the control group from 3 to 24 h (Fig. 3B) (P < 0.01). Similarly, 10 and 50 μM (-)-HCA treatment significantly decreased the total area of lipid droplet when compared to the control group during the experimental period from 1 to 24 h (P < 0.01) (Fig. 3C ). Biochemical analysis results showed that 1-50 μM (-)-HCA treatment significantly reduced triglyceride content when compared to the control group from 1 to 24 h (P < 0.01) (Fig. 4) . 
Effect of (-)-HCA on lipid metabolism-related gene expression in cultured primary chicken hepatocytes
A significant decrease was found on the ACLY mRNA level when cells were treated with 1-50 μM (-)-HCA for 6-24 h (P < 0.05) (Fig. 5A) , while no differences were found on the ACC mRNA level in cultured primary hepatocytes treated with various concentrations of (-)-HCA at different time points (Fig. 5B ) (P > 0.05). FAS mRNA level was decreased in 1-50 μM (-)-HCA treated groups from 12 to 24 h when compared to the control group (P < 0.05) (Fig. 5C) . SREBP-1c mRNA levels (3 to 24h) were significantly decreased after (-)-HCA treatment than that in the control group (P < 0.05), except for the 1 μM (-)-HCA treated group at 3 h (P > 0.05) (Fig. 5D ). There was no noticeable response to (-)-HCA treatment in CPT-I mRNA level (P > 0.05) (Fig. 5E) , while PPARα mRNA level was significantly increased in 10 μM or 50 μM (-)-HCA treated groups than those in the control group during the experimental period from 1 to 12 h (P < 0.05) (Fig. 5F ).
Effect of (-)-HCA on ATP-citrate lyase and acetyl-CoA content in cultured primary chicken hepatocytes
As shown in Fig. 6 , the ATP-citrate (ACLY) protein content in all (-)-HCA treated groups were significantly decreased than that in the control group (P < 0.01). Total acetyl-CoA contents were significantly decreased in 1-50 μM (-)-HCA treated groups than that in the control group (P < 0.05) (Fig.7A) . Meanwhile, (-)-HCA treated significantly decreased the acetyl-CoA content in the cytosol when compared to the control group (P < 0.05) (Fig. 7B) . 
Effect of (-)-HCA on gluconeogenesis and glycogen metabolism in cultured primary chicken hepatocytes
No significant differences were observed on the protein content of phosphoenolpyruvate carboxykinase (PEPCK) in primary chicken hepatocytes treated with (-)-HCA (P >0.05) (Fig.  8A) . Glycogen content was significantly higher in 10 μM (-)-HCA treated group than that in the control group (P < 0.01) (Fig. 8B) . Compared with the control group, (-)-HCA treated significantly increased glycogen synthase protein content in cultured primary chicken hepatocytes (P < 0.05) (Fig. 8C) . However, glycogen phosphorylase protein content was significantly decreased in 1-50 μM (-)-HCA treated group than that in the control group (P < 0.05) (Fig. 8D) .
Effect of (-)-HCA on glucose catabolism in cultured primary chicken hepatocytes
Compared with the control group, 1-50 μM (-)-HCA significantly increased the contents of GK and PFK-1 in cultured primary chicken hepatocytes (P < 0.05) (Fig. 9A and 9B ). The PK protein content was significantly increased in 10μM and 50μM (-)-HCA treated groups when compared with those in the control group (P < 0.01) (Fig. 9C ). 1-50 μM (-)-HCA treatment significantly increased the protein contents of PDH (E1), CS and ACO when compared to the control group (P < 0.05) (Fig. 9D, 9E and 9F ). In addition, we found that the activities of SDH and MDH was significantly increased in 10 μM and 50 μM (-)-HCA treated groups than that in the control group (P < 0.05) (Fig. 9G and 9H ).
Morphological observations and quantization of mitochondrial in cultured primary chicken hepatocytes
Hepatocellular mitochondria were examined by electron microscopy. The histological organization of cultured primary chicken hepatocytes was not altered by 1-50 μM (-)-HCA treatment when compared to the control group (Fig.10A) . The number of mitochondria in fifteen independent cells from thirty randomly selected fields in each group were counted, no noticeable changes were observed in (-)-HCA treated groups compared with the control group (Fig. 10B ) (P > 0.05).
Effect of (-)-HCA on complex I and complex V activities of mitochondrial respiratory chain in cultured primary chicken hepatocytes
As shown in Fig. 11A, 1-50 μM (-)-HCA significantly increased NADH dehydrogenase protein content when compared with the control group in cultured primary chicken hepatocytes (P < 0.05). Similar, ATP synthase protein content was significantly increased after (-)-HCA treatment (P < 0.01) (Fig. 11B) .
Discussion
(-)-Hydroxycitric acid (HCA) is widely used as an ingredient for a nutritional supplement to control body weight gain and inhibit fat accumulation in humans [23, [47] [48] [49] and animals [25, 50, 51] . (-)-HCA-containing products have been on the market for many years [18, 27] . A number of reports demonstrated the efficacy of extracts from Garcinia cambogia or (-)-HCA were found in animals [18, [52] [53] [54] and humans [55] [56] [57] . The liver is the primary site of metabolism in poultry [35] . To evaluate whether (-)-HCA had an adverse effect on hepatocyte, the cell viability and cell death rate after (-)-HCA treatment was measured using the MTT assay and LDH test. Our results showed that no differences were observed in cell survival and cell death rate in cultured primary chicken hepatocytes treatment with (-)-HCA. The result was consistent with the result of Nisha et al., who reported that (-)-HCA did not cause significant cell death up to 100 μM in 3T3-L1 adipocytes [58] . Therefore, we presumed that (-)-HCA treatment up to 50 μM was safe in primary chicken hepatocytes.
Many studies had found that (-)-HCA administration reduces fat accumulation in chickens [59, 60] , rodents [32, 61, 62] and humans [51, 63] . Excess accumulation of lipids results in oxidative stress, mitochondrial dysfunction and obesity [64] . Lipid droplet accumulation is important for evaluating the overall lipid metabolic status [65] . Our results Fig. 10 . Electron micrographs and the number of mitochondria in primary chicken hepatocytes treated with (-)-HCAA: Electron micrographs; B: Number of mitochondria. After incubation, cell samples were processed by standard techniques for transmission electron microscopy, and ultra-thin sections were observed with magnification×2500. Thirty photos were randomly selected from each group, and the number of mitochondria was counted in 15 independent cells of each photo. The results are displayed as the mean number of mitochondria per cell in all treatment groups. showed that (-)-HCA treatment significantly reduced the amount and total area of lipid droplets in cultured primary chicken hepatocytes. These results were consistent with the previous report which showed that Garcinia cambogia extracts significantly suppressed the adipogenic differentiation of pre-adipocytes and intracellular lipid accumulation in the differentiating adipocytes [66] . The previous study reported that the Garcinia cambogia extracts inhibits lipid droplet accumulation in fat cells without affecting adipose conversion in 3T3-L1 cells [67] . In addition, Kim et al. reported that Garcinia cambogia extracts inhibits the cytoplasmic lipid droplet accumulation as well as adipogenic differentiation of preadipocytes [68] . Consistent with the reduction of lipid droplet, our results showed that (-)-HCA treated significantly decreased the triglyceride content in primary chicken hepatocytes. Our recent study showed that supplemental (-)-HCA inhibited lipogenesis and accelerated lipolysis, which eventually led to reduced abdominal fat deposition in broiler chickens [59] . These results demonstrated that (-)-HCA treatment suppress fatty acid synthesis in primary chicken hepatocytes.
Many studies have certified (-)-HCA as a competitive inhibition of ATP citrate-lyase (ACLY) which plays a crucial role in the fatty acid synthesis [25, 26, 31, 50] . The present study showed that (-)-HCA treatment significantly decreased the ACLY mRNA level in primary chicken hepatocytes. ACLY catalyzes the extra-mitochondrial cleavage of citrate to oxaloacetate and acetyl-CoA in cytosol; acetyl-CoA were catalyzed by acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS) for the fatty acid synthesis. Although no difference was observed on the ACC mRNA level in our study, supplement of (-)-HCA markedly decreased FAS mRNA level in primary chicken hepatocytes from 12 to 24 h. In addition, we found that SREBP-1c mRNA level was lower in primary chicken hepatocytes after treated with (-)-HCA. SREBP have been described as the regulator of biosynthesis of cholesterol and fatty acids in the liver [69, 70] . SREBP-1c can directly stimulate the transcription of genes encoding FAS enzymes [71, 72] . These results were consistent with our previous results that showed supplemental (-)-HCA inhibited lipogenesis by inhibiting ACLY, SREBP-1c and FAS expression which eventually led to reduced abdominal fat deposition in broiler chickens [59] . Fat accumulation is a complex process which depends on the balance of lipogenesis and lipolysis. It is hypothesized that (-)-HCA could increase fat oxidation via inhibiting malonylCoA formation, which would activate carnitine palmitoyl transferase-I (CPT-I) activity [21] . In the present study, (-)-HCA treatment significantly increased PPARα mRNA level, while no noticeable changes were observed on the CPT-I mRNA level in primary chicken hepatocytes. It is well known that PPARα is a member of the nuclear hormone receptor family of transcription factor and it can increase the rate of fatty acid β-oxidation by increasing the expression of several target genes, such as CPT-1 [73] . Considering the reduction of lipid droplet and decreasing of triglyceride content, it is possible that (-)-HCA treatment mainly inhibited fatty acids synthesis by decreasing lipogenesis-relative factors mRNA expression level rather than accelerating lipolysis, which eventually led to reduced fat deposition in primary chicken hepatocytes. Therefore, the significant changes of SREBP-1c, ACLY, and FAS mRNA level indicate that these genes might be directly responsible for the reduction of fat accumulation in primary chicken hepatocytes treated with (-)-HCA.
As mentioned above, several mechanisms of (-)-HCA actions are proposed and the primary mechanism appears to be related to its property as a potent competitive inhibitor of ATPcitrate lyase [30, 35, 50] . Our results showed that (-)-HCA treatment significantly inhibited the ACLY protein content in primary chicken hepatocytes. Furthermore, we found that the acetyl-CoA content of cytosol was significantly decreased in primary chicken hepatocytes treated with (-)-HCA. This results suggested that (-)-HCA treatment reduced acetyl-CoA content in cytosol mainly through inhibiting the ACLY activity, which would inhibited the lipogenesis-related factors, such as FAS and SREBP-1c expression, and eventually led to the reduced fat accumulation in primary chicken hepatocytes. The present study also found that total acetyl-CoA content was significantly decreased in primary chicken hepatocytes after (-)-HCA treatment. In the body, the acetyl-CoA is mainly originated from the glucose metabolism or β-oxidation of fatty acids. Mitochondria provide the majority of cellular energy in the form No significant difference were observed on the phosphoenolpyruvate carboxykinase protein content in primary chicken hepatocytes after (-)-HCA treatment. In addition, the present study showed that glycogen content was increased in primary chicken hepatocytes treated with (-)-HCA. This result was consistent with our previous study that demonstrated that (-)-HCA significantly enhanced glycogen storage in broiler chickens [59] . It was reported that (-)-HCA treatment significantly promoted glucose conversion to glycogen in human [63] . In addition, (-)-HCA treatment significantly decreased glycogen phosphorylase (GP) protein content and increased glycogen synthase (GS) protein content in primary chicken hepatocytes. Glycogenesis and glycogenolysis during the diurnal cycle are mediated by glycogen synthase and glycogen phosphorylase, respectively [74] . Thus, these results indicated that (-)-HCA treatment enhanced glycogen storage by enhancing the glycogen synthase protein content and inhibiting glycogen phosphorylase protein content in primary chicken hepatocytes.
In the liver, glucokinase (GK) is a specific enzyme to the phosphorylation glucose to glucose 6-phosphate. Our results showed that (-)-HCA treatment significantly increased the glucokinase protein content in primary chicken hepatocytes. Depending on the energy requirement, the glucose 6-phosphate is channeled to glycogen synthesis or used for energy production by the glycolytic pathway [75] . Phosphofructokinase-1 (PFK-1) is one of the most important regulatory enzymes of glycolysis, which catalyzes the fructose-6-phosphate convert into fructose 1, 6-bisphosphate, is one of the key enzyme in the process of glycolysis. PFK is also able to regulate glycolysis through allosteric inhibition to regulate the rate of glycolysis in response to the cell's energy requirements [76] . Our results showed that PFK-1 protein content was significantly enhanced in primary chicken hepatocytes after (-)-HCA treatment. Furthermore, our results showed that pyruvate kinase, which catalyzes the final step in glycolysis, were significantly enhanced in primary chicken hepatocytes treated with (-)-HCA. The pyruvate dehydrogenase complex converts pyruvate into acetyl-CoA, which may then be used in the citric acid cycle for cellular respiration [77] . The reaction catalyzed by pyruvate dehydrogenase (E1) is considered to be the rate-limiting reaction in the pyruvate dehydrogenase complex [77, 78] . The present results showed that (-)-HCA treatment significantly increased PDH (E1) protein content in primary chicken hepatocytes. This result was consistent with our study which revealed that supplemental with (-)-HCA increased the pyruvate dehydrogenase E1 component subunit alpha (PDHA1) and beta (PDHB) protein expression levels in the liver of broiler chickens [29] . The citric acid cycle is the start and end of many metabolic pathways, which are involved in carbohydrate, fat metabolism and protein metabolism [79, 80] . Our results showed that the protein contents of citrate synthase, aconitase (ACO), and the activities of succinate dehydrogenase (SDH), malate dehydrogenase (MDH) were enhanced in primary chicken hepatocytes treated with (-)-HCA. It had been reported that ACO was upregulated in the liver of broiler chickens treated with (-)-HCA [29] . Some studies have shown that the expression of ACO protein is increased when the energy consumption is enhanced, which eventually accelerates the citric acid cycle [81] . MDH is an enzyme that reversibly catalyzes the oxidation of malate to oxaloacetate and this reaction is a part of many metabolic pathways [82] . In addition, SDH is a membrane-bound enzyme which is the only enzyme that participates in both the citric acid cycle and the electron transport chain [83] . Thus, we suspected that the effect of (-)-HCA on fat accumulation might be associated with the decrease of cytosolic acetyl-CoA level, which are required for fatty acid synthesis, through decreasing ACLY protein content and enhancing the key enzyme activity to accelerate glucose catabolism in primary chicken hepatocytes.
No noticeable difference was found on the number of mitochondria in primary chicken hepatocytes treated with (-)-HCA. Mitochondria are the place of cellular energy metabolism and its main function is to synthesize ATP to provide energy for all kinds of life activities. In addition, the present study showed that the SDH activity, which is the only enzyme that participates in both the citric acid cycle and the electron transport chain [83] , was significantly increased in primary chicken hepatocytes after (-)-HCA treatment. Thus, we presumed that (-)-HCA treatment might enhance the function of mitochondrial respiratory chain in primary chicken hepatocytes. Our results showed that (-)-HCA treatment significantly increased the NADH dehydrogenase protein content in primary chicken hepatocytes. NADH dehydrogenase, the mainly component of Complex I, is the largest and most complicated enzyme in the electron transport chain [84] . Recently, we had certified that the NDUFS3, NDUFS8 and NDUFA10 protein expression levels were increased in the liver of broiler chickens after (-)-HCA supplementation [29] . NDUFS3 and NDUFA10 are important subunits of NADH dehydrogenase: NDUFS3 plays a vital role in the proper assembly of complex I [85] , while NDUFA10 transfers electrons from NADH to ubiquinone in the respiratory chain [86] . Further, ATP synthase plays an important role in energy transduction, ATP synthesis catalyzed by ATP synthase is powered by the transmembrane electrochemical proton potential [87] . In this study, we found that (-)-HCA treatment significantly increased the ATP synthase protein content in primary chicken hepatocytes. This result was consistent with the result of Peng et al., which showed that (-)-HCA treatment increased the expression of ATP5H, a subunit of ATP synthase, in the liver of broiler chickens [29] . Based on the increase of NADH dehydrogenase and ATP synthase contents and succinate dehydrogenase activity, we assumed that (-)-HCA treatment might accelerate energy metabolism in primary chicken hepatocytes mainly through enhancing the function of respiratory chain. In addition, our previous study showed that supplemental (-)-HCA reduced abdominal fat deposition and enhanced glycogen content [59] , and enhanced the expression of key proteins in carbohydrate Fig. 12 . Mechanism of (-)-HCA reduced lipid droplets accumulation in primary chicken hepatocytes(-)-HCA inhibited fatty acid synthesis via the decrease in the supply of acetylCoA which was mainly achieved by inhibition the ATP-citrate lyase activity; it also accelerated glucose catabolism and energy metabolism. All of which eventually reduced fat accumulation in primary chicken hepatocytes, and this results provides a new biochemical mechanism from view energy metabolism perspective to explain the action of (-)-HCA reduced lipid deposition in broiler chickens. 
